Mesenchymal stem cells (MSCs) specifically differentiate into cardiomyocytes as a potential way to reverse myocardial injury diseases, and uncovering this differentiation mechanism is immensely important. We have previously shown that histone acetylation/methylation and DNA methylation are involved in MSC differentiation into cardiomyocytes induced by islet-1. These modifications regulate cardiac-specific genes by interacting with each other in the promoter regions of these genes, but the molecular mechanism of these interactions remains unknown. In this study, we found that the key enzymes that regulate GATA4/Nkx2.5 expression are Gcn5/HDAC1, G9A, and DNMT-1. When α-methylene-γ-butyrolactone 3 (MB-3) was used to inhibit Gcn5 expression, we observed that the interactions among these key enzymes in the GATA4/Nkx2.5 promoters were blocked, and MSCs could not be induced into cardiomyocytes. Our results indicated that islet-1 could induce Gcn5 binding to GATA4/Nkx2.5 promoter regions and induce the interactions among Gcn5, HDAC1, G9A and DNMT-1, which upregulated GATA4/Nkx2.5 expression and promoted MSC differentiation into cardiomyocytes.
specific enzymes are involved in islet-1-induced MSC differentiation into cardiomyocytes and how these enzymes interact with each other. Continuing our previous study, we will further discuss these two issues in this work.
We have confirmed that histone acetylation/methylation and DNA methylation interact with each other in the GATA4 promoter region, coregulate GATA4 expression and induce MSC differentiation into cardiomyocytes 11 . We also found that Gcn5 and DNMT-1 play important roles in regulating GATA4 expression 20 . In this study, we further investigated the specific enzyme that is involved in regulating GATA4 and Nkx2.5 and the molecular mechanism of the epigenetic interaction of these two cardiac-specific transcript factor promoter regions. This research preliminarily proved the epigenetic mechanism by which MSCs differentiate into cardiomyocytes via islet-1 and reveals the key intervention factor for further research. These findings lay the foundation for increasing MSC differentiation rates and improving the clinical application of MSCs.
Results

Islet-1 could form a complex with Gcn5 during MSC differentiation into cardiomyocytes.
We transfected a lentiviral vector containing islet-1 into MSCs, and the transfection efficiency was 81% ( Supplementary Figure 1a) . Western blot was used to detect islet-1 expression after vector transfection ( Supplementary Figure 1b ). Next, we used an islet-1 antibody to pull down proteins bound to islet-1 and a Gcn5 antibody to detect the existence of Gcn5 in the pulled down proteins by Western blot. Co-IP results showed that islet-1 and Gcn5 could form a complex after high islet-1 expression was induced in MSCs (Fig. 1 ). This finding confirms our previous results, which indicated that overexpression of islet-1 could affect histone acetylation to induce MSC differentiation into cardiomyocytes 12 . Gcn5 and HDAC1 are key enzymes that regulate histone acetylation levels in the GATA4/ Nkx2.5 promoter region. Our previous study showed that H3K9 acetylation in the GATA4/Nkx2.5 promoter region is associated with the expression of the two genes. In this study, we identified the key enzyme that regulates the acetylation level in the GATA4/Nkx2.5 promoter region. Western blot data indicated that the level of Gcn5 was slightly increased, and that of P300 decreased gradually during MSC differentiation into cardiomyocytes induced by islet-1 ( Fig. 2a,b ). ChIP-qPCR was performed to detect the binding level of Gcn5/P300 in the GATA4/Nkx2.5 promoter region. Additionally, the data showed that the binding level of Gcn5 was increased significantly in both the GATA4 and Nkx2.5 promoter regions, but the binding level of P300 did not change significantly ( Fig. 2d ). After islet-1 transfection, the trend of Gcn5 binding in the GATA4/Nkx2.5 promoters was consistent with the expression of GAT4/Nkx2.5, which was detected in our previous study 11 . Therefore, we propose that Gcn5 is the key HAT that regulates H3K9 acetylation in the GATA4/Nkx2.5 promoter region.
Because histone acetylation is the result of the balance between HATs and HDACs, HDACs are important for histone acetylation. HDACs restore the positive charge of histones through deacetylation, increasing the attraction between DNA and histones, tightening up the loose nucleosome, and finally suppressing gene expression. Western blot analysis showed that the expression levels of HDAC2 and HDAC4 showed no significant changes, but the expression of HDAC1 gradually decreased after islet-1 transfection ( Fig. 2a-c ). Correspondingly, the binding level of HDAC1 in the GATA4/Nkx2.5 promoter decreased, as detected by ChIP-qPCR. However, the binding levels of HDAC2/HCAC4 were low in these regions and did not change during MSC differentiation into cardiomyocytes induced by islet-1 ( Fig. 2e ). These results indicate that the key HDAC that regulates H3K9 acetylation in the GATA4/Nkx2.5 promoter region is HDAC1.
G9A and DNMT-1 respectively regulated histone methylation and DNA methylation levels in the GATA4/Nkx2.5 promoter region. Histone methylation, as an important histone modification, is involved in inhibiting gene expression and heterochromatin formation. Research has reported that at the H3K9 site, HMTs interact with HATs and affect histone methylation levels in this region 21 . It has been indicated that histone methylation is a vital part of epigenetic modification interactions. G9A and Suv39h1 are the main enzymes involved in H3K9 methylation, and in this study, we measured these two enzymes to confirm their key role in regulating H3K9 methylation in the GATA4/Nkx2.5 promoter region. Co-IP experiments confirmed that islet-1 and Gcn5 bound together during MSC differentiation into cardiomyocytes induced by islet-1 overexpression. Islet-1 and IgG antibodies were chosen to pull down proteins, and the islet-1 and Gcn5 bands were then detected by Western blot. Gcn5 was detected in proteins pulled down by the islet-1 antibody, which indicated that islet-1 could form a complex with Gcn5.
Western blot analysis was used to detect G9A/Suv39h1 expression during MSC differentiation into cardiomyocytes induced by islet-1. The results showed that the expression of G9A decreased gradually and was lowest in the LV-islet-1-3w group, but the expression of Suv39h1 did not change after islet-1 transfection compared with that in the blank and control groups ( Fig. 3a,b ). ChIP-qPCR indicated that in the GATA4/Nkx2.5 promoter region, the binding level of G9A was higher than that of Suv39h1; furthermore, after islet-1 transfection, the binding level of G9A in both the GATA4 and Nkx2.5 promoters decreased gradually and was lowest in the LV-islet-1-3w group, which was consistent with the H3K9 methylation level in the GATA4/Nkx2.5 promoter regions detected in our previous study. However, the binding level of Suv39h1 did not obviously change during the period of differentiation ( Fig. 3d ). These results suggest that G9A is the key HMT involved in regulating the histone methylation level in the GATA4/Nkx2.5 promoter region during MSC differentiation into cardiomyocytes.
DNA methylation is best known for its role in gene silencing. It can alter gene expression without changing a gene's base sequence. We used Western blot to detect the expression of DNMTs, and the results showed that the level of DNMT-1 decreased slightly and that the amount of DNMT-3a increased at the 4th week after islet-1 transfection; however, the expression of DNMT-3b was too low to detect ( Fig. 3a-c ). Furthermore, our ChIP-qPCR results indicated that the binding level of DNMT-1 in the GATA4/Nkx2.5 promoters was much higher than that of DNMT-3a, and the binding level of DNMT-3b was as low as that of the negative control. In addition, the binding level of DNMT-1 decreased gradually in the GATA4 promoter region during MSC differentiation into (a) HAT and HDAC bands were detected by Western blot, and the enzymes assessed were Gcn5, P300, HDAC1, HDAC2 and HDAC4. Images were cropped for clarity, and full-length blots/gels are presented in Supplementary Fig. 1 . (b,c) Quantitative analysis of these enzymes. In the process of inducing differentiation, Gcn5 expression slightly increased, P300 and HDAC1 expression decreased, and HDAC2 and HDAC4 expression was not obviously changed. (d,e) The binding levels of these enzymes in the GATA4/Nkx2.5 promoter were detected by ChIP-qPCR; a normal mouse IgG antibody used as a negative control. The input% showed that the main HAT and HDAC binding in the GATA4/Nkx2.5 promoters was Gcn5 and HDAC1, respectively. *p < 0.05 compared with the blank group. The error bars represent the SD of three independent experiments. cardiomyocytes but did not change in the Nkx2.5 promoter region ( Fig. 3e ). These results suggest that DNMT-1 is the key DNMT responsible for regulating the DNA methylation level in the GATA4 promoter. Additionally, the binding level of DNMT-1 did not change in the Nkx2.5 promoter region, which explains why the methylation level of the Nkx2.5 promoter was not affected by transfection with islet-1, which was found in our previous study 11 .
HP1 associated with the DNA methylation level in the GATA4/Nkx2.5 promoter region. HP1
is a component of heterochromatin that recognizes and binds the methylated H3K9 site, leading to epigenetic repression. DNMT-1 could be recruited to the methylated H3K9 site by HP1 and perform DNA methylation. Therefore, HP1 plays an important role in the interaction of histone methylation and DNA methylation. We found that the expression levels of HP1α and HP1β were not changed during MSC differentiation into cardiomyocytes ( Fig. 4a,b ). However, our ChIP-qPCR results showed that the binding levels of HP1α and HP1β Figure 3 . Identification of the key enzymes involved in histone methylation and DNA methylation. (a) HMT and DNMT bands were detected by Western blot, and the enzymes assessed were G9A, Suv39h1, DNMT-1, and DNMT-3a. Images were cropped for clarity, and full-length blots/gels are presented in Supplementary  Fig. 2. (b,c) Quantitative analysis of these enzymes. In the process of inducing differentiation, G9A expression decreased gradually, DNMT-3a expression increased, and the other enzymes were not obviously changed. (d,e) The binding levels of these enzymes in the GATA4/Nkx2.5 promoter were detected by ChIP-qPCR; a normal mouse IgG antibody used as a negative control. The input% showed that the main HMT and DNMT binding in GATA4/Nkx2.5 promoters was G9A and DNMT-1, respectively. *p < 0.05 compared with the blank group. The error bars represent the SD of three independent experiments. decreased in the GATA4 promoter after islet-1 transfection but did not change in the Nkx2.5 promoter (Fig. 4c ). The ChIP-qPCR results were consistent with the binding levels of DNMTs. We think the reason that the DNA methylation level in the Nkx2.5 promoter was unchanged is that HP1 binding in the Nkx2.5 promoter is stable, which recruits DNMT-1 to this region and maintains DNA methylation.
Gcn5 inhibition does not affect the expression of other key enzymes but affects their binding level in the GATA4/Nkx2.5 promoter. Of all the key enzymes that regulate GATA4/Nkx2.5 expression,
Gcn5 is the only enzyme with upregulated expression and an increased binding level during MSC differentiation induced by islet-1. To confirm the interaction among the three epigenetic modifications, we inhibited Gcn5 expression and detected changes in the other key enzymes. We used the Gcn5-specific inhibitor butyrolactone 3 (MB-3) to suppress Gcn5 expression after islet-1 transfection. The Western blot results showed that the expression of Gcn5 was significantly suppressed, but the expression of other key enzymes, HDAC1, G9A DNMT-1 and HP1α/β, was not changed in the LV-islet-1 + MB-3 group (Fig. 5a,b ). This result indicates that the expression levels of these key enzymes were not affected by Gcn5 inhibition. ChIP-qPCR detected the binding levels of key enzymes in the GATA4/Nkx2.5 promoters after Gcn5 inhibition. The results showed that compared with www.nature.com/scientificreports www.nature.com/scientificreports/ that of the LV-islet-1 group, the binding level of Gcn5 was significantly decreased due to MB-3 inhibiting Gcn5 expression; as the response of Gcn5 was blocked, the binding of the other enzymes was all increased in the GATA4 promoter region (Fig. 5c ). In comparison, the binding levels of DNMT-1 and HP1α/β were not affected by Gcn5 inhibition in the Nkx2.5 promoter region (Fig. 5d ). These data suggest that Gcn5 interacts with these other enzymes in the GATA4 promoter region; furthermore, the fact that DNMT-1 and HP1α/β binding to the Nkx2.5 promoter was not affected by Gcn5 inhibition suggests that the interaction of these key enzymes is different in the GATA4 and Nkx2.5 promoters.
Histone acetylation/methylation and DNA methylation in the GATA4 promoter changed after Gcn5 inhibition. We investigated the effect of Gcn5 inhibition on histone acetylation/methylation and the DNA methylation level in the GATA4/Nkx2.5 promoters. The ChIP-qPCR data showed that compared with those in the LV-islet-1 group, the histone acetylation levels of the GATA4 and Nkx2.5 promoters were decreased after Gcn5 inhibition, but the histone methylation levels were increased to the levels of the blank and control groups (Fig. 6a ). On the other hand, we detected the DNA methylation level of the GATA4/Nkx2.5 promoter through MSP. The results indicate that the DNA methylation level of the Nkx2.5 promoter was not affected by Gcn5 inhibition, but in the GATA4 promoter, this level was increased compared with that in the LV-islet-1 group (Fig. 6b) . The BSP results showed that the DNA methylation level of the GATA4 promoter increased to 98% from 88% after Gcn5 inhibition (Fig. 6c) . These results suggest that in the GATA4 promoter region, the inhibition of Gcn5 affected not only the histone acetylation level but also the histone methylation and DNA methylation levels. This is consistent with the binding level of key enzymes in the GATA4 promoter after Gcn5 inhibition. Similarly, the DNA methylation level in the Nkx2.5 promoter did not change after Gcn5 inhibition because Gcn5 inhibition did not affect the binding of HP1α/β and DNMT-1 to the Nkx2.5 promoter.
Islet-1 could not induce MSC differentiation into cardiomyocytes after Gcn5 inhibition.
In our previous study, islet-1 overexpression promoted MSC differentiation into cardiomyocytes by increasing cardiac-specific gene (GATA4/Nkx2.5) expression. In this study, compared with that in the blank and control groups, the expression of GATA4/Nkx2.5 was not changed after Gcn5 inhibition, even when islet-1 was overexpressed ( Fig. 7a ). We thought islet-1 could induce MSC differentiation into cardiomyocytes because MSCs began to express the cardiac-specific gene cTnT after islet-1 transfection, and the myocardium electrophysiological properties of MSCs may be related to Cx43 expression. However, through immunofluorescence, we found that after Gcn5 inhibition, islet-1 could not induce MSC expression of cTnT and Cx43 (Fig. 7b) . These results suggest that MSCs could not be induced into cardiomyocytes after Gcn5 inhibition, even in the presence of islet-1.
Discussion
Epigenetic manipulation to differentiate MSCs into specialized cells has the potential to serve regenerative purposes. Various studies support the involvement of epigenetic mechanisms through gene expression control, stem cell self-renewal and lineage fate determination 22, 23 . During differentiation into a particular lineage, the specific genes of this lineage undergo active transcription, and the genes responsible for self-renewal and pluripotency are repressed 22, 24 . This on-off mechanism is associated with posttranslational modifications, especially histone acetylation/methylation and promoter DNA methylation. These epigenetic modifications are critical for regulating gene expression, and many studies have focused on one of them. However, in practice, regulating gene expression is extensively coordinated by a network of many factors working together 21, [25] [26] [27] , which is far beyond the capability of a single epigenetic modification. In the complicated differentiation process, regulating gene expression may be more involved. Different epigenetic modifications probably regulate the same gene through interactions with each other [28] [29] [30] . Regarding MSC differentiation, it will be helpful to investigate the mechanism of interactions between epigenetic modifications.
Our previous study reported that histone acetylation/methylation and DNA methylation are involved in MSC differentiation into cardiomyocytes by regulating GATA4 and Nkx2.5 expression, and these modifications showed obvious interactions with each other in the GATA4/Nkx2.5 promoter. DNA methylation was not involved in regulating Nkx2.5 expression and did not interact with the other two modifications in the Nkx2.5 promoter 11 . Figure 6 . During MSC differentiation into cardiomyocytes induced by islet-1, changes in the levels of H3K9 acetylation/methylation and DNA methylation in the GATA4 and Nkx2.5 promoters after Gcn5 inhibition were detected. (a) ChIP-qPCR was used to detect H3K9 acetylation and methylation levels in the GATA4 and Nkx2.5 promoters. The input% showed H3K9 acetylation and methylation levels in the LV-islet-1 + MB-3 group, in contrast to those in the LV-islet-1 group. *p < 0.05 compared with the blank group, # p < 0.05 compared with the LV-islet-1 group. The error bars represent the SD of three independent experiments. (b) MSP was used to detect the DNA methylation level in the GATA4 and Nkx2.5 promoters. Two pairs of primers were designed by Methprimer: one set of methylation-specific primers and one set of nonmethylation-specific primers. Images were cropped for clarity, and full-length blots/gels are presented in Supplementary Fig. 5 . (c) Bisulfite sequencing analysis of the GATA4 promoter. Methylated CG (filled circles) and unmethylated CG (open circles) are indicated. The methylation rate of the GATA4 promoter was 88% in the LV-islet-1 group and 98% in the LVislet-1 + MB-3 group, which were the same as those in the blank and control groups.
The interactions among histone acetylation, histone methylation and DNA methylation work in different ways in the GATA4 and Nkx2.5 promoters, but the details are not completely understood. GATA4 and Nkx2.5 are critical transcription factors in heart development, and elucidating the molecular mechanism will contribute to regulating their expression and help in the development of a method to differentiate MSCs into cardiomyocytes.
In this study, we found that the key enzymes of H3K9 acetylation, H3K9 methylation and DNA methylation in the GATA4/Nkx2.5 promoters are Gcn5/HDAC1, G9A and DNMT-1, respectively. During the process of MSC differentiation induced by islet-1, the binding level of Gcn5 in the promoter region of GATA4/Nkx2.5 was obviously increased. On the other hand, the binding levels of G9A, DNMT-1, and HDAC1 were all decreased in the GATA4 promoter, but that of DNMT-1 in the Nkx2.5 promoter was not changed. When the cells were treated with the Gcn5 inhibitor MB-3, the expression levels of other key enzymes (HDAC1, G9A, and DNMT-1) were unaffected, and their binding levels in the GATA4/Nkx2.5 promoters were also unchanged. This indicated that the changes in these key enzymes were not caused by islet-1 but by Gcn5 interacting with them. There is another critical factor involved in the interactions among these key enzymes, HP1 [31] [32] [33] . HP1 can bind to the methylated H3K9 site and recruit DNMT-1 binding to this region; thus, the CpG sites of this region are methylated [34] [35] [36] . When MSCs differentiated into cardiomyocytes, the H3K9 methylation level in the GATA4 promoter was decreased, and the binding of HP1 to this region was reduced as well. However, HP1 binding to the Nkx2.5 promoter was unaffected, and even the H3K9 methylation level of this region was decreased. This could be the reason why DNMT-1 binding to the Nkx2.5 promoter was unaffected during MSC differentiation.
In our study, when islet-1 was used to induce MSC differentiation into cardiomyocytes, Gcn5 expression was slightly increased, and its binding level in the GATA4 promoter was significantly increased. On the other hand, research has reported that Gcn5 and islet-1 could form a complex 37 . Therefore, we thought that islet-1 www.nature.com/scientificreports www.nature.com/scientificreports/ could increase GATA4/Nkx2.5 expression by combining with Gcn5 and guiding it to the GATA4/Nkx2.5 promoters instead of by increasing Gcn5 expression. Based on the above results, we propose an epigenetic modification model of MSC differentiation into cardiomyocytes induced by islet-1 ( Fig. 8) . First, the overexpressed islet-1 could guide more Gcn5 to bind to the GATA4 promoter; then, the H3K9 site of this region may be hyperacetylated. After that, as more Gcn5 binds to the GATA4 promoter, more G9A is replaced, and the H3K9 site becomes hypomethylated. Then, the binding level of HP1 to the GATA4 promoter decreases because of H3K9 hypomethylation in this region, which simultaneously frees DNMT-1 from the GATA4 promoter, and the CpG methylation level of this region decreases. Furthermore, HDAC1 is replaced by Gcn5 from the H3K9 site of the GATA4 promoter. However, according to the literature, DNMT-1 can recruit HDAC1. Therefore, HDAC1 binding to the GATA4 promoter further decreases because DNMT-1 is lost from this region. This phenomenon further increases the H3K9 acetylation level of the GATA4 promoter. Finally, the chromatin structure of the GATA4 promoter region becomes loose, which is conducive to GATA4 expression. The interactions among these key enzymes in the Nkx2.5 promoter is different from those in the GATA4 promoter. HP1 binding to the Nkx2.5 promoter is unaffected by the H3K9 methylation level of this region, which ensures that DNMT-1 binds to this region stably. In the process of induced differentiation, we found significant differences in some parameters, such as the binding levels of Gcn5 and DNMT-1 in the GATA4/Nkx2.5 promoters, which were lost at the 4th week; at this time point, we also found that the protein expression of islet-1 decreased ( Supplementary Figure 2) ,we were not sure whether these changes were associated with the reduction of Islet-1. We thought that it may be a trend of differentiation progress, and the specific meanings of these changes require our further study.
Our results showed that when Gcn5 was inhibited, the interactions among these key enzymes were blocked, the expression of GATA4 and Nkx2.5 was repressed, and islet-1 could not induce MSC differentiation into cardiomyocytes. These results indicated that the epigenetic modifications and the interactions among these key enzymes are critical for MSC differentiation. However, in practice, the mechanism of MSC differentiation is more complicated. For example, in addition to epigenetic modifications, the stemness of MSCs and the energy metabolism conversion during MSC differentiation are equally important. By studying these two topics, we can thoroughly understand the mechanism of MSC differentiation.
Methods
Cell culture, lentiviral vector transfection and MB-3 treatment. C3H10T1/2 cells (University of
Chicago Molecular Oncology Laboratory, Chicago, IL, USA) were cultured in DMEM supplemented with 10% foetal bovine serum (FBS; Millipore, USA), lentiviral vectors containing islet-1 or GFP (MOI = 20, GENECHEM, Shanghai, China) and 5 µg/ml polybrene. The culture medium was replaced after 24 h of incubation at 37 °C in 5% CO2. The cells were divided into three groups: a blank group (C3H10T1/2), a control group (lentiviral vector with GFP), and an LV-islet-1 group (lentiviral vector with islet-1). According to the transfection duration, the LV-islet-1 group was further divided into four subgroups: LV-islet-1-1w, LV-islet-1-2w, LV-islet-1-3w, and LV-islet-1-4w. Butyrolactone 3 (MB-3, 100 µmol, Santa Cruz, sc-358657) was added to the culture medium after LV-islet-1 or GFP transfection for 24 h; the treatment was applied for 4 weeks, and the cells were defined as the LV-islet-1 + MB-3 group and the control + MB-3 group. The culture medium of all groups was changed every 2-3 days.
Co-immunoprecipitation (Co-IP) assay. Co-immunoprecipitation was conducted using a Co-IP assay kit (Merck Millipore, DA, Germany), and the total protein concentrations of the cell lysates were measured with a BCA assay. An anti-islet-1 (Abcam, Cambridge, MA, UK) antibody was used to pull down islet-1, and an anti-IgG antibody was used as a negative control. Protein collection was analysed by Western blot using an anti-Gcn5 (Epigentek, Farmingdale, NY, USA) antibody to detect its existence in islet-1-recruiting proteins. Figure 8 . The epigenetic modification model of MSC differentiation into cardiomyocytes induced by islet-1. Islet-1 guides Gcn5 binding to the GATA4 and Nkx2.5 promoters, and Gcn5 interacts with G9A, HP1, DNMT-1 and HDAC1. Then, the chromatin of the GATA4 and Nkx2.5 promoter region loosened because of the hyperacetylation of these regions, which is conducive to GATA4 and Nkx2.5 expression.
